Introduction
============

Age-related macular degeneration (AMD) is the leading cause of visual impairment and blindness in the elderly in industrialized nations \[[@r1],[@r2]\]. There are two forms of AMD: One is neovascular (wet AMD), and the other is non-neovascular (dry AMD). Choroidal neovascularization (CNV) is a vital feature of wet AMD, which causes rapid progression to significant sight loss \[[@r3]\]. Currently, the standard treatment for CNV is antivascular endothelial growth factor (VEGF), which dramatically reduces blindness due to CNV \[[@r4]\]. However, patients require frequent intravitreal injections that lead to various complications, such as endophthalmitis \[[@r5]\] and RPE tears \[[@r6],[@r7]\]. Therefore, further research on developing novel agents that target different molecules is needed to improve the antiangiogenic effects of CNV treatment.

PKR, a dsRNA-activated serine-threonine protein kinase, whose autophosphorylation is induced by dsRNA, PKR-activating protein (PACT), and interferons, phosphorylates several target proteins \[[@r8]\]. PKR was previously considered to function primarily as a mediator of the antiviral response, but after extensive research, PKR is currently regarded to be versatile. For instance, PKR is a novel player that functions to directly coordinate skeletal muscle differentiation via the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt) signaling pathway \[[@r9]\]. Furthermore, PKR can regulate proliferation of smooth muscle cells (SMCs) \[[@r10]\] and adherent molecule expression of endothelial cells (ECs) \[[@r11],[@r12]\], indicating that PKR has a potential role in vascular system development. In addition, PKR was discovered to mediate angiogenesis via the VEGF pathway in peripheral artery disease \[[@r13]\]. Meanwhile, the PI3K/Akt signaling pathway is critical for ischemia and angiogenesis \[[@r14]\]. In human RPE (hRPE), the activation of Akt contributes to hypoxia-induced VEGF expression \[[@r15]\]. However, the involvement of PKR in CNV and related signaling pathways in the production of VEGF is unclear.

In the present study, we first detected the expression of PKR, p-PI3K, p-Akt, and VEGF in mouse CNV and RF/6A cell hypoxia models. We found that the expression levels of PKR, p-PI3K, p-Akt, and VEGF were upregulated. Second, we investigated the specific mechanism of PKR-mediated VEGF expression via PKR-specific siRNA and monoclonal antibodies. The results suggest that PKR may promote VEGF expression through the PI3K/Akt signaling pathway. Last, we investigated the role of PKR in CNV formation. We found intravitreal injection of anti-PKR monoclonal antibody alleviates CNV formation via inhibiting VEGF expression. These promising results suggest PKR may be a potential therapeutic target for human CNV treatment.

Methods
=======

Animals
-------

All experimental procedures were performed in accordance with the requirements of the Animal Welfare Committee of Nantong University. This study adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. The research protocol for the use of animals was approved by the Center for Laboratory Animals of Nantong University (Nantong, Jiangsu, China).

Cell culture
------------

Human RPE cell line ARPE-19 was purchased from American Type Culture Collection (ATCC, Manassas, VA). A choroid-retinal endothelial cell line (RF/6A) from rhesus monkeys was obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and was identified as being of endothelial origin with cellular morphology, growth pattern, ultrastructure, immunocytochemistry, and immunodiffusion \[[@r16]\]. The cells were maintained in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% fetal bovine serum (FBS; Gibco, Rockville, MD) and 100 U/ml penicillin-streptomycin mixtures (Gibco) at 37 °C in 5% CO~2~. The culture medium was changed every 2 or 3 days. An in vitro RF/6A cell chemical hypoxia model was established by adding 200 μM cobalt chloride (CoCl~2~) to the culture medium, and cells were harvested after 1, 3, 6, 12, 24, and 48 h. Cells without CoCl~2~ treatment were regarded as the normal control.

PKR gene silencing
------------------

A total of 1 × 10^6^ RF/6A cells per well were seeded in six-well plates and allowed to grow overnight. Transfection of PKR siRNA (5′-GGA TTC GGG TTA CTT GTA A-3′, RiboBio, Guangzhou, China) was performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) following the manufacturer's protocol. Briefly, for the six-well plates, 4 μg DNA was mixed with 10 μl Lipofectamine 2000 at a final concentration of 2 μg DNA/ml and dissolved in RPMI 1640 without serum. The resulting complex was incubated at room temperature for 20 min to generate a transfection mixture that was then added to the cells, which were incubated for 4 to 6 h. Next, the cells were washed with RPMI 1640 and incubated in RPMI 1640 with 10% FBS for an additional 48 h. Then, the cells were collected for western blot analysis.

In vitro cell proliferation assay
---------------------------------

To test the effects of RPE cells on RF/6A cell proliferation under hypoxic conditions, a proliferation assay model was used. The RF/6A cells were plated at a density of 1 × 10^5^ cells/cm^2^ in 24-well plates in complete medium and allowed to adhere overnight. Next, cells were transfected with PKR siRNA and scramble siRNA before 0.4 μm pore-size inserts were placed in the wells. Medium containing 200 μM CoCl~2~ was added and was changed every 2 days. At the end of each time point, 20 μl of 5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT; Sigma, St. Louis, MO) was added to each well for 4 h, then the supernatant was discarded, and 150 µl dimethyl sulfoxide (DMSO) was administered for 10--15 min. The absorbance was recorded at 570 nm with a Microplate Reader (Model 680, Bio-Rad, Hercules, CA). Each experimental condition was tested at least in triplicate.

In vitro cell migration assay
-----------------------------

To test the effect of RPE cells on RF/6A cell migration under hypoxic conditions, a migration assay model was used. The RPE cells were plated at a density of 1 × 10^5^ cells/cm^2^ in 24-well plates with medium containing 200 μM CoCl~2~ added to the wells for 12 h. The RF/6A cell migration assay was performed using Matrigel-coated, Costar Transwell inserts with 8.0 mm pore size. Briefly, 5 × 10^4^ RF/6A cells were seeded on the inserts and incubated with RPMI 1640 containing 1% FBS. After 1 h for attachment, the inserts were transferred to 24-well plates as described above. After incubation for 4 h, the inserts were fixed with 4% paraformaldehyde, stained with 0.1% crystal violet for 30 min, and photographed under a light microscope (Olympus, Tokyo, Japan). Five random fields (× 200) were chosen in each insert, and the cell number was quantified manually.

In vitro tube formation assay
-----------------------------

ARPE-19 cells were plated in the Transwells with 8 μm pore size inserts, which were put in the wells where the RF/6A cells had been plated. Briefly, Matrigel was thawed and laid in 24-well culture plates for a total volume of 200 μl in each well. The plates were stored at 37 °C for 30 min to form a gel layer. After gel polymerization, 2 × 10^4^ RF/6A cells were seeded in each well and incubated with RPMI 1640 supplemented with 0.5% FBS for 24 h at 37 °C in humidified air with 5% CO~2~. The closed networks of tubes in each well were observed with an inverted phase-contrast microscope (Olympus, Tokyo, Japan). Incomplete networks were excluded. The experiments were performed in triplicate, and five fields from each chamber were counted and averaged.

Laser-induced mouse CNV
-----------------------

Adult C57BL/6J (B6) mice were anesthetized by intraperitoneal injection with 45 mg/kg pentobarbital sodium, and the pupils were dilated with topical administration of tropic amide phenylephrine eye drops (Santen, Osaka, Japan). Four burns were made with laser photocoagulation (647.1 nm; 50 mm spot size; 0.05 s duration; 200 mW) in each retina with a hand-held contact fundus lens (Ocular Instruments, Bellevue, WA) in the 3, 6, 9, and 12 o'clock positions between retinal vessels in the peripapillary area of both eyes. Only the burns that produced a bubble, indicating the rupture of Bruch's membrane, were counted in the study. All mice were randomly divided into five groups based on the time following laser treatment (normal, 1 day and 3, 7, 14, and 28 days). For western blot analysis, each group included 24 mice with laser treatment and 15 control mice without laser treatment. In the control and post-laser 7 day groups, another 45 mice (90 eyeballs) from each group were used for choroidal flat mount and immunofluorescence staining.

Western blot
------------

To detect the protein levels of the molecules, we extracted the mouse choroid-RPE-retina complex from three mice at 1 day and 3, 7, 14, and 28 days after the laser injury and used in vitro cell lysates. The proteins and a molecular weight marker were separated by 10% sodium dodecyl sulfate--polyacrylamide gel electrophoresis (SDS--PAGE) and transferred to a polyvinylidene difluoride (PVDF) membrane. The membrane was then incubated with primary antibodies for PKR (1:500; Santa Cruz Biotechnology, Santa Cruz, CA), p-PKR (1:500; Santa Cruz Biotechnology), p-PI3K (1:500; Cell Signaling Technology, Danvers, MA), PI3K (1:500; Cell Signaling Technology), VEGF (1:500; Santa Cruz Biotechnology), Akt (1:500; Cell Signaling Technology), and p-Akt (1:500; Cell Signaling Technology). The antibodies were incubated in 5% skim milk overnight at 4 °C and reacted with horseradish peroxidase (HRP)-conjugated secondary antibodies (1:2,000; Thermo Scientific, Rockford, IL) at 37 °C for 2 h. Extensive washes in 0.05% Tween-20 in Tris-buffered saline (TBS) were followed by incubation with anti-GAPDH (1:1,000; Sigma-Aldrich, Saint Louis, MO). The blots were then incubated with the chemofluorescent reagent enhanced chemiluminescence (ECL; Thermo Scientific, Rockford, IL) and exposed to X-ray film in the dark. The intensity of the GAPDH signal was used as an endogenous control, and the band optical density was quantified using Image J (National Institutes of Health, Bethesda, MD).

Immunofluorescence
------------------

PKR tissue localization was examined on 8 μm cryosections (on day 7 after laser photocoagulation). The cryosections were blocked with 1% bovine serum albumin (BSA) for 4 h at room temperature and then incubated with antibodies for PKR (1:50; Santa Cruz Biotechnology) and CD31 (1:50, Abcam, Cambridge, MA) at 4 °C overnight. For CD31 staining, antigen retrieval was performed by incubating the sections in a heated water bath at 37 °C for 10 min. Thereafter, the slides were stained with Alexa Fluor 488 conjugated goat anti-mouse immunoglobulin G, Alexa Fluor 546 conjugated goat anti-rabbit IgG (1:200; Invitrogen), and Hoechst (1:2,000; Sigma-Aldrich). The photomicrographs were obtained using a digital high-sensitivity camera (Hamamatsu, ORCA-ER C4742--95; Hamamatsu, Japan).

Intravitreal injection
----------------------

The intravitreal injection of 1 μl of anti-PKR monoclonal antibody (200 ng/ml) or vehicle (PBS solution; 135 mM NaCl, 2.7 Mm KCl, 1.5 mM KH~2~PO~4~ , and 8 mM K~2~HPO~4~, pH 7.2) was administered on day 1, and mice were killed on day 7 after laser treatment. The control group represented laser-induced CNV without any injection.

Choroidal flat mount
--------------------

On day 7, after laser coagulation, 30 eyes (six eyes from three mice/each group) were subjected to choroidal flat mounts. The eyes were enucleated and immediately fixed in 4% paraformaldehyde (Guoyao Group of Chemical Reagents, Beijing, China) in pH 7.3 PBS for 1 h. Under a biopsy microscope, the anterior segments were wiped out, and the neurosensory retinas were detached and separated from the optic nerve head. The remaining eyecups were washed with cold immunocytochemistry buffer (0.5% BSA, 0.2% Tween-20, and 0.1% Triton X-100) in PBS. A 1 mg/ml solution of Alexa Fluor 568 conjugated isolectin-B4 (1:100) was prepared in immunocytochemistry buffer. The eyecups were incubated with the fluorescent dyes in a humidified chamber at 4 °C with gentle shaking for 4 h, followed by washing with cold immunocytochemistry buffer. Four or five radial cuts were made toward the optic nerve head for flat mounting the sclera-choroid-RPE complexes together with the gel (Gel-mount; Biomedia Corp., Foster City, CA). The samples were covered and sealed for microscopic analysis.

Fundus fluorescein angiography
------------------------------

To confirm the inhibitory effect of the anti-PKR monoclonal antibody on CNV formation, fluorescein angiography was performed on day 7 after laser photocoagulation. The development of CNV was evaluated using a digital fundus camera connected to a slit-lamp delivery system (Kanghua, Chongqing, China), which was captured 4 min after 0.3 ml of 2% fluorescein sodium (Alcon Laboratories, Irvine, CA) was injected into the intraperitoneal cavity of mice as previously described \[[@r17]\].

Statistical analysis
--------------------

All values were presented as the mean ± standard deviation (SD). One-way ANOVAs were used for statistical comparisons of multiple groups. Descriptive statistics were performed using Stata statistical software version 11.0 (Stata Corp, College Station, TX). A p value of less than 0.05 was considered statistically significant. Each experiment consisted of at least three replicates.

Results
=======

PKR, p-PI3K, p-Akt, and VEGF expression increases in RF/6A cells under hypoxic conditions
-----------------------------------------------------------------------------------------

To explore the function of PKR in CNV, we examined PKR, p-Akt, and VEGF expression in RF/6A cells after CoCl~2~ treatment. As expected, western blotting showed that PKR, p-PI3K, p-Akt, and VEGF expression was upregulated in a similar time-dependent manner under hypoxic conditions ([Figure 1](#f1){ref-type="fig"}), suggesting that PKR may be associated with VEGF expression.

![Chemical hypoxia induces PKR, p-PI3K, p-Akt, and VEGF expression in RF/6A cells in vitro. **A**: Western blot shows dsRNA-activated protein kinase (PKR), phosphophosphatidylinositol 3-kinase (p-PI3K), phosphoprotein kinase B (p-AKT), and vascular endothelial growth factor (VEGF) expression. **B**: The histogram shows the densitometric analysis of the average levels of PKR, p-PI3K, p-Akt, and VEGF to GAPDH. \*p\<0.05 compared with normal controls. n = 3 in each group.](mv-v22-1361-f1){#f1}

PKR siRNA and Akt-specific inhibitor downregulated VEGF expression
------------------------------------------------------------------

To test whether PKR regulates VEGF expression via the Akt signaling pathway in RF/6A cells under hypoxic conditions, PKR expression in RF/6A cells was knocked down by PKR siRNA transfection, and the p-Akt and VEGF protein levels were evaluated with western blotting. PKR siRNA downregulated the PKR protein level by 88 ± 8% in the RF/6A cells ([Figure 2A,C](#f2){ref-type="fig"}). Accordingly, the p-PI3K, p-Akt, and VEGF protein levels were downregulated by 65 ± 3% and 78 ± 5%, respectively, in the RF/6A cells in the PKR siRNA group compared to the control group ([Figure 2A,C](#f2){ref-type="fig"}). We further investigated whether the PI3K/Akt signaling pathways were involved in PKR regulating VEGF expression in CNV, demonstrating that the PI3K inhibitor LY294002 greatly decreased the p-PI3K, p-Akt, and VEGF protein levels. However, PKR expression was unchanged, indicating that Akt was a downstream molecule of PKR and associated with VEGF expression.

![Effect of PKR siRNA and PI3K inhibitor LY294002 on hypoxia-induced PKR, p-PI3K, p-Akt, and VEGF expression in RF/6A cells. **A**: DsRNA-activated protein kinase (PKR), phosphophosphatidylinositol 3-kinase (p-PI3K), phosphoprotein kinase B (p-Akt), and vascular endothelial growth factor (VEGF) expression was detected with western blotting in the RF/6A cells following PKR siRNA transfection after 48 h. **C**: The histogram shows the densitometric analysis of the average levels for PKR, p-PI3K, p-Akt, and VEGF to GAPDH. Cells transfected with scramble siRNA were used as the negative control. **B**: The western blot shows PKR, p-PI3K, p-Akt, and VEGF expression in RF/6A cells treated with the PI3K inhibitor LY294002 for 30 min. **D**: The histogram shows the densitometric analysis of the average levels of PKR, p-PI3K, p-Akt, and VEGF to GAPDH. Hypoxic cells were used as the negative control. \*p\<0.05, statistically significantly different compared to the respective controls. Values represent means ± SD.](mv-v22-1361-f2){#f2}

Promotion of RF/6A cell proliferation by PKR in a coculture system under hypoxic conditions
-------------------------------------------------------------------------------------------

An RPE-RF/6A coculture system was used to investigate the precise effects of PKR on the proliferation of RF/6A cells when induced by ARPE-19 cells under chemical hypoxic conditions. The MTT assay showed that PKR overexpression in RF/6A cells significantly increased cell proliferation under hypoxic conditions in the coculture system compared to the normoxia group. In contrast, cell proliferation was suppressed by silencing PKR expression in the hypoxic RF/6A cells using PKR siRNA transfection ([Figure 3](#f3){ref-type="fig"}).

![PKR promotes proliferation of RF/6A cells in a coculture system under hypoxic conditions. Detected with the cell counting kit 8 (CCK 8) assay, hypoxia increased RF/6A cell proliferation in the coculture system, whereas RF/6A cell proliferation was suppressed dramatically with dsRNA-activated protein kinase (PKR) silencing. \*p\<0.05, statistically significantly different compared to the respective controls. Values represent means ± SD.](mv-v22-1361-f3){#f3}

Promotion migration of RF/6A cells by PKR in a coculture system under hypoxic conditions
----------------------------------------------------------------------------------------

The effects of PKR on the migration of RF/6A cells in a coculture system under hypoxic conditions were also investigated. The number of RF/6A cells that migrated across the insert in the hypoxia group increased by 32.6% compared with the control normoxia group, whereas the RPE- and hypoxia-induced RF/6A cell migration decreased remarkably by 58.6% in PKR siRNA-transfected RF/6A cells compared with the hypoxia group ([Figure 4](#f4){ref-type="fig"}).

![PKR promotes migration of RF/6A cells in a coculture system under hypoxic conditions. **A**: Crystal violet staining detected the migrated cells of each group: normal, hypoxic, scramble siRNA, and dsRNA-activated protein kinase (PKR) siRNA. Representative photographs of migrated RF/6A cells (200× magnification). **B**: The average number of migrated RF/6A cells per field. \*p\<0.01, PKR siRNA group versus the hypoxic group. Values represent means ± SD.](mv-v22-1361-f4){#f4}

Promotion of tube formation of RF/6A cells by PKR in a coculture system under hypoxic conditions
------------------------------------------------------------------------------------------------

Tube formation is a very important function of ECs. RF/6A cells grown in a collagen matrix gel under hypoxic conditions showed enhanced tube formation. These results were in agreement with the proliferation assay (MTT assay) because the ability of ECs to form tube-like structures is partly related to cell proliferation. When PKR expression was inhibited, tube formation was reduced significantly compared with the hypoxia group ([Figure 5](#f5){ref-type="fig"}).

![PKR promotes tube formation of RF/6A cells in a coculture system under hypoxic conditions. **A**: Microscopic images showing tube formation in each group: normal, hypoxic, scramble siRNA, and dsRNA-activated protein kinase (PKR) siRNA. Representative photographs of tube formation of RF/6A cells (200× magnification). **B**: Decreased tube formation was observed when the cocultured RF/6A cells were transfected with PKR siRNA under hypoxia. \*p\<0.01, PKR siRNA group versus the hypoxia group. Values represent means ± SD.](mv-v22-1361-f5){#f5}

PKR, p-PI3K, p-Akt, and VEGF expression increased in the mouse CNV model
------------------------------------------------------------------------

To identify PKR, p-PI3K, p-Akt, and VEGF expression in a mouse CNV model, we extracted protein from the choroid-RPE-retina complex for western blot analysis. After laser injury, PKR expression was upregulated and peaked at 7 days, showing a similar time-dependent trend with p-Akt and VEGF ([Figure 6](#f6){ref-type="fig"}). To identify the cellular localization of PKR inside the CNV site, we performed double immunostaining of PKR with CD31, a marker for endothelial cells, showing that inside the CNV site, PKR was localized in the vascular endothelium ([Figure 7](#f7){ref-type="fig"}).

![PKR, p-PI3K, p-Akt, and VEGF expression is upregulated in a mouse CNV model. The mouse choroidal neovascularization (CNV) model was created with laser photocoagulation. **A**: DsRNA-activated protein kinase (PKR), phosphophosphatidylinositol 3-kinase (p-PI3K), phosphoprotein kinase B (p-Akt), and vascular endothelial growth factor (VEGF) protein levels were detected with western blotting. GAPDH was used as the loading control. **B**: The histogram shows the densitometric analysis of the average levels of PKR, p-PI3K, p-Akt, and VEGF to GAPDH. \*p\<0.05, statistically significantly different from the normal control. Values represent means ± SD.](mv-v22-1361-f6){#f6}

![PKR is localized in endothelial cells. Cellular localization of dsRNA-activated protein kinase (PKR) in the retina and choroid cryosections was determined with double immunostaining together with endothelial marker CD31. Scale bar = 50 μm.](mv-v22-1361-f7){#f7}

The anti-PKR monoclonal antibody suppresses PKR, p-PI3K, p-Akt, and VEGF expression and alleviates the leakage area of CNV
--------------------------------------------------------------------------------------------------------------------------

We next explored PKR, p-PI3K, p-Akt, and VEGF expression following the anti-PKR monoclonal antibody intravitreal injection in a mouse CNV model. The PKR protein levels in the choroid-RPE-retina complex were reduced dramatically in the anti-PKR injection group compared with the control and PBS injection groups. Furthermore, p-PI3K, p-Akt, and VEGF expression showed a similar decreasing tendency as PKR following anti-PKR injection ([Figure 8A,B](#f8){ref-type="fig"}). The fluorescein angiogram assay showed that the leakage area of CNV was smaller in the anti-PKR injection group than in the PBS injection group on day 7 after laser photocoagulation ([Figure 8C](#f8){ref-type="fig"}). The choroidal flat mount showed that the area of CNV was smaller, and there were fewer vessel tubes in the anti-PKR injection group compared with the PBS injection group ([Figure 8D,E](#f8){ref-type="fig"}).

![PKR monoclonal antibody intravitreal injection attenuates CNV. **A**: Western blot analysis showed that dsRNA-activated protein kinase (PKR), phosphophosphatidylinositol 3-kinase (p-PI3K), phosphoprotein kinase B (p-Akt), and vascular endothelial growth factor (VEGF) expression in the choroid-RPE-retina complex at day 7 after laser coagulation. **B**: Quantification graphs for PKR, p-PI3K, p-Akt, and VEGF to GAPDH. \*p\<0.01, anti-PKR versus PBS. **C**: Hyper-fluorescent leakage surrounding the laser spots was weak in the anti-PKR injection mice retinas. **D**: Representative images of isolectin B4 staining of the RPE-choroid-sclera whole mount from the control and PKR antibody injection groups 7 days after laser photocoagulation. **E**: Quantitative measurement of the choroidal neovascularization (CNV) area. \*p\<0.01, anti-PKR versus PBS.](mv-v22-1361-f8){#f8}

Discussion
==========

AMD is the leading cause of blindness in the elderly in Western nations \[[@r18]\]. Thus, experimental animal models of CNV have become essential to elucidate the complicated cellular and molecular mechanisms underlying AMD pathogenesis, as well as filtering tools for new drugs \[[@r19]\]. The robust and easily accessible laser-induced mouse CNV model is the most widely accepted and commonly used model of neovascular AMD (nAMD) \[[@r20]\], becoming a universally used model of angiogenesis in recent years \[[@r21]\]. As part of our experimental design, laser-induced CNV was followed at regular time intervals (days 0, 1, 3, 7, 14, and 28) to evaluate VEGF expression during mouse CNV lesion progression. The data for the VEGF protein levels suggested that CNV peaked 7 days following laser treatment, which is in agreement with previous research \[[@r22],[@r23]\].

Although there is still uncertainty about the exact pathogenesis of wet AMD, many involved mechanisms are already partially known and may be promising targets for therapy. Currently, VEGF represents the most important molecular target in the treatment of nAMD \[[@r24]\]. Current treatment strategies for nAMD place a significant treatment burden on patients and oculists. In the current era of individualized treatment strategies, most oculists practice either an as-needed (PRN) dosing regimen or treat-and-extend approach. Both strategies require a considerable number of office visits and injections \[[@r25]\]. Because many patients with AMD are older, they often need a caregiver to bring them for their appointments. Finally, current anti-VEGF strategies include frequent visits and injections ad infinitum for many patients. Therefore, searching for the molecules and underlying mechanisms that regulate VEGF expression and function id extremely urgent for the development of nAMD therapeutic strategies. In this study, we found that PKR promotes CNV via upregulating the PI3K/Akt/VEGF signaling pathway, identifying a novel VEGF up-stream regulator.

PKR, an interferon-inducible dsRNA-dependent protein kinase, exerts multiple cell effects such as antiviral, antitumor, and immunomodulatory effects \[[@r26]-[@r28]\]. Although the main direct PKR activator is dsRNA (produced during infection of several viruses and detected at low doses in mammalian cells), PKR is also activated by multiple cellular stresses, including cytokines, calcium stress, oxidative stress, endoplasmic reticulum stress, lipo stress, and amyloid-β (Aβ) peptide accumulation \[[@r29],[@r30]\], or through PACT \[[@r31],[@r32]\]. A previous study revealed that PKR expression was markedly upregulated in human umbilical vein endothelial cells (HUVECs) and was indispensable for endothelial cell proliferation, migration, and tube formation. In vitro and in vivo studies suggest that PKR plays a key role in angiogenesis through the VEGF pathway \[[@r13]\]. However, soluble VEGF cannot increase the proliferation of solo CECs, and coculture conditioned media enhance CEC proliferation, indicating that growth factors other than VEGF promote CEC proliferation \[[@r33]\]. In our study, we also found that PKR expression was upregulated in the CoCl~2~-treated RF/6A cell hypoxia model and the laser-induced CNV mouse model. Inhibition of PKR suppresses the proliferation and migration of RF/6A cells, as well as VEGF expression. Intravitreal injection of the PKR antibody relieves the progression of CNV in laser-exposed mice.

PKR is also reportedly involved in the activation of the NOD-like receptor (NLR) family, Pyrin domain containing 1 (NLRP1), Pyrin domain containing 3 (NLRP3), CARD domain containing 4 (NLRC4), and absent in melanoma 2 (AIM2) inflammasomes \[[@r34]\]. Inflammasomes are multiprotein complexes that detect and respond to foreign and endogenous danger signals by activating caspase-1. Active caspase-1, in sequence, matures proinflammatory interleukin-1beta (IL-1β) and IL-18 by cleaving their proforms to biologically active cytokines. A recent study showed that in rodents, intravitreal or systemic inoculation of murine IL-18 (SB-528775) can prevent experimentally induced CNV \[[@r35]\]. The receptor components in the best-known inflammasomes in the NLR family are usually NLRP1, NLRP3, or NLRC4 \[[@r36]\]. Currently, the NLRP3 inflammasome is the most thoroughly studied, and the active NLRP3 inflammasome is revealed to be present in human RPE cells \[[@r37],[@r38]\]. One of the components capable of forming a complex with NLRP3 is PKR \[[@r34]\]. Additionally, oxidative stress is also one of the activators of PKR \[[@r39]\]. It has been assumed that PKR may replace the heat shock protein 90 (Hsp90)/suppressor of G2 allele of skp1 (SGT1) complex, which ensures that the NLR component remains inactive but primed for activation, thus protecting it from degradation \[[@r40],[@r41]\]. Therefore, we speculate about whether PKR can exert multiple functions in CNV. On one hand, PKR activates downstream signal pathways, such as the PI3K/Akt signaling pathway, to upregulate VEGF expression, promoting the progression of CNV. On the other hand, PKR activates the NLRP3 inflammasome to produce mature IL-18, preventing the progression of CNV. This hypothesis will be identified in our future research.

The PI3K/Akt signaling pathway was required for hypoxia-induced expression of hypoxia induced factor 1 (HIF-1) and VEGF in laser-induced rat CNV \[[@r15]\]. The PI3K/Akt/mammalian target of the rapamycin (mTOR) signaling pathway has emerged as an alternative target to inhibit angiogenesis \[[@r13],[@r14]\]. PI3K family members orchestrate innumerable crucial and essential cellular processes, including cell growth, metabolism, survival, and angiogenesis \[[@r14],[@r42]\]. In a mouse CNV model induced by laser photocoagulation, the downregulation of miR-155 attenuates retinal neovascularization via suppressing the PI3K/Akt signaling pathway, indicating that the PI3K/Akt pathway promotes retinal neovascularization \[[@r43]\]. Transmigration assays that are performed while inhibiting PI3K and ras-related C3 botulinum toxin substrate 1 (Rac1) activity result in decreased CEC transmigration \[[@r44]\]. In addition, the CNV-induced increase in the phosphorylation levels of Akt and mTOR is augmented by the downregulation of discoidin domain receptor 2 (DDR2), resulting in aggravated CNV severity \[[@r45]\]. In the present study, the PI3K inhibitor LY294002 greatly decreased the p-PI3K, p-Akt, and VEGF protein levels, but PKR expression was unaffected, indicating that Akt was a downstream molecule of PKR, upregulating VEGF expression.

In conclusion, the present study identified a proangiogenic role for PKR via upregulating the expression of VEGF in the PI3K/Akt signaling pathway in an RF/6A cell chemical hypoxia model and a laser-induced mouse CNV model. These data may suggest PKR as a potential novel target for the prevention and treatment of human AMD. However, further studies should be performed to verify other roles for PKR in CNV and other underlying mechanisms, such as inflammasomes.
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